Background. Streptococcus pneumoniae is a significant pathogen capable of expressing protective and antigenically diverse capsules. To better understand the molecular basis of capsular antigenic diversity, we investigated the hypothetical serological role of wcjE, which encodes a capsule O-acetyltransferase, in the vaccine-targeted serotype 9V and related serotype 9A.
\
Streptococcus pneumoniae, the pneumococcus, is both a common human nasopharyngeal commensal and a highly significant opportunistic pathogen. Most pathogenic pneumococci express a protective polysaccharide capsule, which shields pneumococci from innate immunity [1] and greatly increases its transmissibility and virulence. However, anti-polysaccharide capsule antibodies can mediate type-specific bacterial clearance and provide protection against colonization and infection. This selective pressure has likely contributed to the evolution of at least 93 antigenically distinct capsule types, which are commonly referred to as serotypes [2] [3] [4] . Each serotype has a unique chemical structure, and for nearly all of the 93 serotypes, capsular synthesis is mediated by the genes within the capsule synthesis (cps) locus. [5] .
Studies on serogroup 15 and the newly discovered serotype 11E demonstrate that bacteria expressing certain capsule types can arise independently and recurrently. Antigenic distinctions between serotypes 15B and 15C is attributed to phase-variable O-acetylation of capsule polysaccharide mediated by wciZ, which encodes a putative transmembane O-acetyltransferase of the PF01757 protein family and is truncated in 15C cps loci as a result of a reversible slipped-strand mutation [6, 7] . The rate of in vitro conversion between serotypes 15B and 15C is proposed to be as high as 1 in 300 [8] . Similarly, we recently determined the genetic distinction between serotype 11A and serotype 11E to be the integrity of wcjE, which is located at the 3# end of the cps locus and also encodes a PF01757 Oacetyltransferase [3] . Unlike serotype 15C isolates that contain reversible mutations in wciZ, however, each serotype 11E clinical isolate so far examined harbors a unique irreversible null mutation to wcjE, indicating that the serotype has originated independently in separate hosts.
To determine whether this mechanism of recurrent serotype emergence applies to other serotypes, we genetically and serologically characterized clinical isolates expressing the vaccine-target serotype 9V and the closely related serotype 9A. Historically, serotypes 9V and 9N have accounted for the majority of pneumococcal serogroup 9 infections, and 9A has accounted for only a small fraction. The 3# end of the serotype 9V cps locus contains a wcjE gene that is highly homologous (92.2% sequence identity over 1,029 base-pair overlap) to the 11A wcjE described in our previous study [3, 9] . The only dissimilarity between the published cps loci of serotypes 9V and 9A (GenBank accession no. AF402095 and CR931645) is a single slipped-strand nucleotide deletion in 9A wcjE [10] . Because the genetic analysis was limited to single serotype 9V and 9A isolates, it is unknown whether this particular wcjE mutant allele is typically found within serotype 9A strains.
Moreover, wcjE inactivation has not been confirmed as the molecular basis for serological differences between serotypes 9V and 9A. Whether wcjE is active in 9V capsule synthesis remains unclear because none of the multiple O-acetate substitutions on serotype 9V polysaccharide repeat units [11] (Figure 1 ) are identical to the wcjEassociated structure in serotype 11A, that is, O-acetate substitution of the 6 carbon of 11A b-galactose-a modification absent on 11E polysaccharide [12] . And even though the published serotype 9A polysaccharide structure has no O-acetate substitutions ( Figure 1C ) [11] , a recent study suggested the presence of some O-acetyl groups on 9A polysaccharide [10] , consistent with the fact that both 9V and 9A cps loci contain another functionally intact O-acetyltransferase, wcjD ( Figure 1A) .
Here, we show that serotype 9A is derived from serotype 9V through inactivation of wcjE. Furthermore, we show that each 9A isolate contains a unique mutation to wcjE. With the use of a novel flow-cytometric serotyping assay, we show that serotype 9A strains display diverse serological profiles that are dependent on the type of mutation to wcjE. We concluded that multiple mutations present in clinical 9A wcjE alleles can mediate variable expression levels of epitope previously associated only with serotype 9V. [9] . The 2 putative cps O-acetyltransferases are marked with white asterisks. The horizontal dashed line approximately denotes the region sequenced in AC128 (see text). The boxed area of the cps locus is depicted in Figure 2A and Figure 3 . B, C, Structural models of the capsule polysaccharide repeating units of serotypes 9V and 9A, respectively, according to Rutherford et al in 1991 [11] . The carbons are numbered on the bGlc of the 9V structure as a reference. The linkages across repeating units are denoted with dotted lines. Values in parentheses describe the rate of acetylation (per mole of polysaccharide subunit) at each site. Abbreviations: Gal, galactose; Glc, glucose; GlcA, glucuronic acid; ManNAc, N-acetylmannosamine.
METHODS

Bacterial Strains
The strains used in this study are listed in Table 1 . Strains SSISP 9V/4, SSISP 9A/1, SSISP 9N/4, and SSISP 9L/4, which express serotype 9V, 9A, 9N, and 9L, respectively, were obtained from the Statens Seruminstitut (SSI). Strains AC100 and AC128, known to express serotypes 9V and 9A, were a kind contribution from Susan Hollingshead (University of Alabama at Birmingham). The remaining isolates (2 serotype 9V and 9 serotype 9A isolates) were from the Centers for Disease Control and Prevention isolate collection recovered through Active Bacterial Core Surveillence (ABCs; see http://www.cdc.gov/abcs/index. html). All clinical isolates were obtained from blood or cerebral spinal fluid samples of patients.
Polymerase Chain Reaction and Sequencing Analysis
The primers used in this study (Table 2) were derived from the published serotype 9V cps locus [9] . Polymerase chain reaction (PCR) and sequencing (performed at the Heflin Genomics Core at the University of Alabama at Birmingham School of Medicine) were performed using standard methodology. Unless otherwise noted, base pairs were numbered according to their position in their respective genes, with the first base pair of a gene being labeled base pair 1.
Production of Bacterial Transformants
All transformations were induced with competence stimulating peptide 2. We transformed AC100 (a serotype 9V strain) with DNA obtained by PCR amplification of the rpsL allele from the TIGR4J strain [5] (rpsL Sr , which contains an amino acid polymorphism that confers streptomycin resistance). JC01 was selected on Todd-Hewitt media (BD Biosciences) plus 0.5% yeast extract (THY) agar plates containing 300 lg/mL streptomycin. Incorporation of rpsL Sr was confirmed by PCR and sequencing.
JC02 was created by disrupting wcjE in the parent strain JC01 by recombination with a Janus construct [13] . The construct is composed of a Janus cassette containing a gene conferring , which confers streptomycin susceptibility, flanked by 700-750 base pair regions homologous to the sequence flanking the wcjE gene in JC01 ( Figure 2 ). Transformants were selected by growth on THY plates containing 100 lg/mL kanamycin and confirmed by PCR and sequencing (GenBank accession no. JF301958) ( Figure 3 ).
To create the strains MBO1, MBO2, and MBO4, the wcjEcontaining regions of SSISP 9A/1, AC128, and MNZ878, respectively, were PCR amplified using primers 5445 and 3446 and transformed into JC02. Transformants were selected on streptomycin THY plates and confirmed by sequencing.
Slide Agglutination and Quellung Reaction
Isolates were initially serotyped using either slide agglutination or the Quellung reaction with factor sera 9d or 9g (SSI). At least 2 operators performed the testing and grading for each isolate. Conventional serotyping dictates that serotype 9V strains react with both factor sera 9d and 9g, but that serotype 9A strains react with only factor serum 9d.
Flow-cytometric Serotyping Assay
To quantify polysaccharide epitope expression, we stained pneumococci with factor sera or monoclonal antibodies (mAbs) 
RESULTS
Confirmation of 9A Serotype in Clinical Isolates
To verify the serotypes of the serogroup 9 clinical isolates, we performed a slide agglutination assay with polyclonal factor sera 9d and 9g ( Table 1) . As expected, factor serum 9d agglutinated all 11 isolates previously identified as serotype 9A (1 reference strain and 10 clinical isolates) and the 4 isolates previously identified as serotype 9V (1 reference strain and 3 clinical isolates). When they were typed with factor serum 9g, all 4 serotype 9V isolates were agglutinated and 10 serotype 9A isolates were not. Thus, 10 previously identified 9A isolates have the expected serologic profile. However, 1 serotype 9A isolate (MNZ876) was weakly reactive with factor serum 9g. When it was reanalyzed by 2 additional operators, 1 operator noted ''weak'' factor 9g reactivity, but the other detected no reactivity. Thus, MNZ876 was also provisionally accepted as serotype 9A. The serotype 9N and 9L reference strains did not react with either factor serum.
Inactivation of wcjE Converts Serotype 9V to 9A
To investigate wcjE inactivation as the genetic basis for antigenic differences between serotype 9V and serotype 9A, we produced JC02 by inactivating wcjE of a strain containing the 9V cps locus (JC01), as shown in Figure 2 . When JC01 and JC02 were serologically evaluated with the conventional Quellung assay ( Figure 2C ) and slide agglutination assay (data not shown), JC01 reacted with both factor sera 9d and 9g, but JC02 reacted with factor serum 9d only. To verify the complete loss of 9V-specific epitope expression in JC02, the expression of epitopes was quantitatively analyzed with a flow-cytometric serotyping assay (FCSA). Factor serum 9d stained both JC01 and JC02 at comparable MFI values, but factor serum 9g stained only JC01 ( Figure 2D ). In summary, JC01 has the serologic profile of serotype 9V, and JC02 has the serologic profile of serotype 9A. We concluded that complete loss of wcjE function converts serotype 9V to serotype 9A.
Each Serotype 9A Isolate Has a Distinct Mutation to wcjE
To support the hypothesis that wcjE inactivation is the genetic basis of serotype 9A arising clinically, we sequenced the wcjE alleles of the 11 serotype 9A isolates and the serotype 9V isolate, AC100 (Figure 3) . The wcjE sequence of AC100 was identical to the published 9V wcjE allele [9] and was used as the reference sequence in this study (GenBank accession no. JF301957). In contrast to AC100, each serotype 9A strain contained a different mutation in wcjE, as described below (GenBank accession no. JF301956 and JF301960-JF301969). Two isolates contained deletions within wcjE. The SSISP 9A/1, which was the reference strain from SSI, contained a single nucleotide deletion in a polyguanine (poly-G) sequence, with the deletion resulting in a premature stop codon at base pair 749 ( Figure 4 ). This sequence was identical to that published for a SSI serotype 9A strain (named the ''Wilder strain'') in a previous study [10] . MNZ870 contained a 428 base pair deletion spanning from base pairs 612 to 1040, a region that includes 5 nucleotides downstream of the wcjE stop codon and that is flanked by the nucleotides TTTC, suggesting that the deletion is result of recombination mediated by this sequence.
Two isolates contained sequence duplications within wcjE (Figure 4 ). MNZ868 contains a duplication of the sequence 786-TTTTCCTAAAA-796, and MNZ874 contains a duplication of the sequence 253-ATTATTTTAGGTATACCATATG-274. Both duplications result in premature stop codons at base pairs 833 and 348 in MNZ868 and MNZ874, respectively.
Five serotype 9A isolates contained the transposable element ISSPn5 inserted into various sites of the wcjE gene. As a result of the insertion, each allele contained a pentanucleotide direct repeat. The direct repeats were 821-GGAAA-825 for MNZ269, 813-TTTAG-835 for MNZ871, 886-TTGAA-890 for MNZ877, and 161-TTCAC-165 for both MNZ873 and MNZ878. These latter 2 isolates contained an insertion in the same location. However, the ISSPn5 was inserted in opposite orientation in each strain.
AC128 and MNZ876 contained single missense mutations (MMs) resulting in his26tyr and gly127glu substitutions in wcjE gene products, respectively (Figure 4) . The his26tyr mutation in AC128 may have a significant impact on WcjE function because the affected histidine corresponds to a highly conserved residue in the N-termini of Pfam family PF01757 members (data not shown; see http://pfam.sanger.ac.uk/family/PF01757, accessed January 2011). No conserved glycine was identified among PF01757 member sequences, and the functional significance of the gly127glu mutation found in MNZ876 is unknown.
Some Serotype 9A Isolates Express Trace Amounts of 9V-Specific Epitope
Because mutations to wcjE were diverse and may not alter gene product function, we investigated WcjE activity in serotype 9A isolates by quantifying epitope expression of all 11 serotype 9A strains and 4 serotype 9V strains with FCSA (Table 1) . Factor serum 9d staining was similar for all 9A and 9V isolates, suggesting that all isolates are expressing comparable amounts of capsule ( Figure 5 ). Factor serum 9g staining was unambiguously positive for serotype 9V strains ( Figure 5A ) and was indistinguishable from the negative controls for 7 serotype 9A strains ( Figure 5C ). Four serotype 9A strainsdMNZ868, MNZ874, MNZ876, and SSISP 9A/1dshowed weak reactivity with factor serum 9g, although the observed MFI values were , 2-fold greater than those of respective negative controls ( Figure 5B ). This suggested the partial expression of a 9V-associated epitope on the surfaces of these 4 strains previously typed as 9A using conventional serotyping.
To further investigate the serologic heterogeneity among serotype 9A isolates, we stained serogroup 9 isolates with Hyp9VG2. This mAb binds serotype 9V isolates and does not react with 9N and 9L bacteria (Table 1; Figure 5A ). Consistent with factor serum 9g binding, Hyp9VG2 staining of JC01 showed an MFI that was comparable to those of serotype 9V isolates, whereas the MFI of JC02 was indistinguishable from those of negative controls. Hyp9VG2 reactivity was correlated with integrity of wcjE in JC01 and JC02, supporting the hypothesis that the mAb targets wcjE-associated epitopes. Hyp9VG2 displayed no reactivity with the 7 9A isolates that were negative for reactivity with factor serum 9g FCSA (Table 2) , and their mean MFI was similar to that of background staining ( Figure 5C and 5D) . Interestingly, Hyp9VG2 unambiguously stained the 4 serotype 9A isolates that were weakly reactive with factor 9g (ie, MNZ868, MNZ874, MNZ876, and SSISP 9A/1), although the mean MFI of these isolates was 10-fold less than the MFI displayed by the serotype 9V isolates (Figure 5B and D) . In view of these FCSA results, the 4 9A strains that were reactive with Hyp9VG2 were designated 9Aa, whereas the 7 Hyp9VG2-nonreactive 9A strains were designated 9Ab.
Recombinational Replacement of wcjE Allele Restores Partial Expression of 9V-Specific Epitope
We investigated the genetic basis for the 9A serological subtypes by comparing sequences of all the cps locus genes in AC128 (9Ab; GenBank accession no. JF301956) and SSISP 9A/1 (Wilder strain; 9Aa) [10] proposed to be involved in synthesis of the polysaccharide capsule [10] . Genetic alignment of these genes revealed 99.9% identity (data not shown); notably, no differences were detected in the putative O-acetyltransferase gene, wcjD.
Because alignments revealed no obvious genetic divergence, we hypothesized that different mutations to wcjE are responsible for the distinction between 9Aa and 9Ab. To test this hypothesis, we transformed wcjE alleles from 9Aa and 9Ab strains into JC02 (ie, a 9Ab strain) and analyzed the transformants with FCSA (Table 1) . Transformants MBO1, MBO2, and MBO4 contained the wcjE alleles of SSISP 9A/1 (9Aa), AC128 (9Ab), and MNZ868 (9Aa), respectively. Sequencing following recombinational replacement showed that all transformants except MBO2 exhibited the expected genetic modifications, with MBO2 having acquired a new glu260gly MM in addition to conserving the critical his26tyr MM (GenBank accession no. JF301959). When the 3 transformants were subjected to serologic studies, they were comparably stained positive with factor serum 9d, indicating that they produced equivalent amounts of capsular polysaccharide (data not shown). When they were studied for their reactions to factor serum 9g and Hyp9VG2, MBO1 and MBO4 reacted moderately to factor serum 9g and Hyp9VG2, indicating that they have the serologic properties of 9Aa (Table 1 ). In contrast, MBO2 did not react to factor serum 9g and Hyp9VG2; that is, it exhibited the 9Ab serologic profile (Table 1) . We concluded that the serologic properties of 9A subtypes depend on the type of mutation to wcjE.
DISCUSSION
We demonstrated that inactivation of wcjE converts a serotype 9V strain to 9A according to conventional serological assays. This conclusion was further supported by the observation that all serotype 9A clinical isolates contained potentially inactivating mutations within wcjE. Given that 9V and 9A polysaccharide structures differ only in O-acetylation, these findings strongly suggest that wcjE-mediated O-acetylation occurs during 9V polysaccharide synthesis but not during 9A polysaccharide synthesis. Current molecular and biochemical studies are underway to determine whether the wcjE gene product mediates O-acetate incorporation at multiple locations on the 9V polysaccharide repeat unit (Figure 1) .
None of the 11 9A isolates examined here share related wcjE mutant alleles, which indicates that each strain independently underwent wcjE inactivation. Although some 9A wcjE alleles contain reversible mutationsdsuggesting the possibility of phase variation conversions as reported for serotypes 15B and 15C (see the Introduction)dwe are not aware of any reports of in vitro switching between serotypes 9V and 9A, and FCSA analysis of serogroup 9 individual bacteria revealed no detectable in vitro conversion between serotypes (data not shown). These findings suggest that serotype 9A recurrently arises only in hosts after initial colonization or infection by wcjE-intact serotype 9V. As mentioned above, genetic evidence for independent origins of the wcjE-null serotype 11E was also recently described [3] , suggesting a common selective mechanism for wcjE inactivation. Because WcjE putatively O-acetylates capsular polysaccharide in serogroups 9 and 11, and O-acetate groups are often antigenic determinants for protective anticapsule antibodies [15] [16] [17] , it is possible that the loss of wcjE offers a means to escape a host humoral response restricted to wcjE-dependent epitopes. Indeed, 10%-20% of human subjects immunized with 9V polysaccharide do not produce antibodies that cross-react with 9A polysaccharide [18] , further suggesting the potential for immune escape by serotype 9A strains. Although this concept of intrahost immune escape requires confirmatory investigation, a means by which wcjE inactivation produces serovariants that neutralize the ability of host immunity to combat infection in disease sites (ie, blood, cerebrospinal fluid, and middle ear) may explain why individual cases of pneumococcal disease caused by wcjEcontaining serotypes, especially serotype 11A, have been associated with greater 30-day mortality per incidence of disease in comparison with disease caused by other serotypes [19, 20] .
Although it has been shown that complete inactivation of wcjE does not inhibit capsule production, the selective pressure for wcjE maintenance in the divergent serotypes 11A and 9V, which are more prevalent than their wcjE-null counterparts, remains unclear. Perhaps serotypes 11A and 9V are more adept at transmission, anddgiven the absence of evidence for serotype 11E or 9A dissemination among hostsdit is possible that the loss of wcjE represents an evolutionary dead end for these strains [20] . Characterization of serotypes 11E and 9A to date has only examined isolates from secondary infection sites [3] . Because an inability to establish colonization can explain why wcjE-null serotypes have not been transmitted, we need to determine whether wcjE-null strains can be isolated from the nasopharynx and whether they are efficiently disseminated among populations. Epidemiological studies are underway to address these questions.
It was interesting to find 2 serologic subtypes among serotype 9A isolates (ie, 9Aa and 9Ab), which were clearly distinguished by quantitative FCSA using a mAb (Hyp9VG2) that targets wcjE-associated epitopes. Accordingly, we argue that 9Aa strains contain partially active wcjE alleles. For instance, wcjE of SSISP 9A/1, MNZ868, and MNZ874 strains contain mutations that frame-shift codons 1 base pair downstream (SSISP 9A/1 and MNZ868) or upstream (MNZ874) compared with wild-type wcjE (Figure 4 ). These single base pair frame shifts may self-correct because of spontaneous translational frameshifting, which occurs at rates of 10 25 frame shifts per codon in bacteria [21] and which could possibly be promoted by poly-T tracks associated with each mutation (see Figure 4) . This process conceivably results in small quantities of functional WcjE being produced. Additionally, we predict that the gly127glu MM in MNZ876, located near a critical trp130 residue [3] , only reduces the activity of the WcjE enzyme. In contrast, all 9Ab isolates appear to have completely lost the WcjE-associated phenotype (ie, no reactivity with Hyp9VG2) because of null wcjE mutations including a key MM (AC128), large deletions (MNZ870), or transposable element ISSPn5 insertion (various isolates). Partial inactivation of wcjE in 9Aa strains lowers epitope expression by 1 log and may offer an advantage against 9V epitope-specific antibodies with low avidity, while balancing yet-to-be-defined benefits of WcjE activity. We demonstrated that 1 serotype (at least by the conventional definition) can potentially harbor a spectrum of antigenic phenotypes. This subtle variation results in the existence of pneumococcal quasi serotypes and can lead to difficulties in discriminating between closely related capsule types. For example, we showed that, despite containing a premature stop codon in wcjE, MNZ876 could potentially be typed as a serotype 9V isolate according to factor serum 9g binding. Although overall isolation of serotype 9A from disease remains low (ABCs, unpublished data), it is possible for some 9Aa isolates containing uncharacterized wcjE mutations to be misidentified as serotype 9V, and strains with biologically relevant reduction of wcjEassociated epitopes may be underreported. In fact, 50% (6 of 12) of randomly examined invasive disease isolates initially serotyped as 11A by conventional methods contained strains with reduced or no expression of wcjE-associated epitope according to FCSA (J. Calix and M. Nahm, unpublished data). Quantitative serotyping methods, such as FCSA, need to be developed to further investigate the pathological and epidemiological impact of quasi serotypes and to help determine the roles that wcjE and its inactivation play in pneumococcal transmission, persistence, and disease, especially because the prevalences of wcjE-associated serogroups that are not targeted by current pediatric vaccines (eg, serogroups 11, 33, and 35) have increased in recent years [22] [23] [24] .
Notes
